In this paper we review the recent progress on the development of novel quantum-dot structures and laser devices. The investigation of novel regimes of ultrashort pulse generation in quantum-dot edge-emitting lasers will be presented. We illustrate how new functionalities have been opened up, such as dual-wavelength mode-locking and enhanced tunability, through the exploitation of the excited-state transitions in the quantum dots as an additional degree of freedom in these ultrafast lasers. Progress on novel design rules for quantum-dot based vertical external cavity lasers and SESAMs are also considered.
INTRODUCTION
Quantum dots (QD) are nanometer-sized clusters of semiconductor material, which exhibit distinct optoelectronic properties due to their carriers confinement in a restricted set of energy levels. Recent research has demonstrated that these nanomaterials can afford major advantages in ultrafast science and technology 1 , because QD-based devices offer a unique opportunity of combining exploitable spectral broadening of both gain and absorption with ultrafast carrier dynamic properties.
In this review paper, we report on the progress and some of our recent results in the development of efficient and compact ultrafast lasers based on quantum-dot materials and structures. We will highlight some of the new developments that exploit the presence of both ground and excited states in quantum-dots for novel mode-locking regimes (Section 2) and enhanced tunability (Section3). In Section 4 we will provide a short overview of the current state of the art on QDbased VECSEL. Finally, the potential for using quantum-dot-based saturable absorber with an embedded p-n junction is described in Section 5.
QUANTUM-DOT LASERS: EXPLOITING GROUND AND EXCITED STATES
In recent years, mode-locked quantum-dot (QD) lasers have been showing great potential as compact and efficient sources for the generation of ultrashort pulses 1 . The discrete energy levels displayed by QD materials can be exploited to access distinct spectral bands in the same device, adding an extra level of functionality to these ultrafast lasers. Indeed, due to the peculiar nature of QDs, laser emission can occur via ground-state (GS) or excited-state (ES) transitions (Figure 1) , thus engaging quite different spectral regions.
In this context, we have demonstrated mode-locked operation involving either the ground state (GS) or excited state (ES) in a two-section QD laser diode, by controlling the injection current and reverse bias to force laser emission to switch from the GS to the ES transition 2 . However, previously the two mode-locking regimes did not coexist, and it was necessary to change the electrical bias conditions in order to switch between one or the other. Very recently, dualwavelength mode-locking was reported for a single-section InP-based QD laser, with pulses being generated simultaneously at 1543 and 1571nm 3 . However, these spectral bands are not ascribed to the ES/GS transitions and due to the absence of a saturable absorber, the mechanism for this pulsed regime is not yet fully understood.
We have recently achieved a dual-wavelength passive mode-locking regime where pulses are generated simultaneously from both ES (λ=1180nm) and GS (λ=1263nm), in a two-section GaAs-based QD laser 4 . This is the widest spectral separation (83nm) ever observed in a dual-wavelength mode-locked non-vibronic laser. This mode-locking regime was achieved in a two-section QD laser diode AR/HR coated on the front/back facets, respectively. The active region incorporated 5 layers of InAs/InGaAs QDs grown on a GaAs substrate. The laser diode length was 2mm, with an absorber section of 300µm. The ridge waveguide was 6µm wide. The laser was mounted on a copper heatsink, and the temperature was stabilized with a Peltier element and a thermoelectric controller at 20 o C.
The dual-wavelength mode locking regime was achieved in a range of bias conditions, which simultaneously satisfied the conditions for achieving mode-locking via GS and ES. This occurred for current levels in the gain section between 330 and 430mA, and values of reverse bias between 6 and 10V in the saturable absorber region (Figure 2 ). The excited state levels have higher degeneracy, and consequently higher saturated gain than the GS. This means that a transition from the GS to the ES can be achieved by increasing loss 5 .
The injected current on the gain section has to be high enough in order to populate the higher energy levels corresponding to the excited states. Simultaneously, the level of reverse bias also has to be high in order to increase the absorption level and thus the cavity losses. By increasing these losses, the threshold of laser emission in the GS+ES moves to lower currents, as shown in Figure 2 . 
Repetition frequency [GHz]
The spectral separation between the two modes results in different repetition rates, due to the dispersive nature of the laser semiconductor material, which induces different cavity roundtrip times for the propagation of the two modes. As depicted in Figure 3 , the repetition rates of the generated pulses were 19.7GHz and 20GHz for the ES (λ=1180nm) and GS (λ=1263nm), respectively. For a reverse bias of 6V and gain current injection of 425mA, the pulse durations were 8.6ps for the ES and 5.9ps for the GS bands -the corresponding autocorrelation traces are shown in Figure 4 . The pulses generated exhibited a timebandwidth product of 6.6 and 9 for the GS and ES, respectively. . Autocorrelation traces for the pulses generated via ES (left) and GS (right), for a reverse bias of 6V and gain current injection of 425mA. Experimental data is depicted in black, while the red curve corresponds to a Gaussian fit.
ENHANCING TUNABILITY IN EXTERNAL CAVITY QUANTUM-DOT LASERS
Quantum-dot (QD) materials have shown great promise as a gain element of broadly tunable laser sources, due to the inhomogeneous broadening associated with the size dispersion of the QDs. Recently developed growth techniques can control the fabrication of InAs/GaAs QDs with different sizes, giving access to an unprecedented broad spectral range in the spectral region between 1.0μm and 1.3μm. By exploiting such broad gain bandwidth, QD external-cavity diode lasers (QD-ECDL) have demonstrated impressive tuning ranges up to 200nm 6, 7 . In this section we present a number of strategies for enhancing the tuning range of external-cavity quantum-dot lasers. We demonstrate that reducing the temperature and increasing the pump current can increase the tuning range to the shorter wavelength side, whereas reducing cavity losses additionally extends the tunability range to the red side of the spectrum 8 .
The QD-ECDL configuration is shown in Figure 5 . The core element of the QD-ECDL consists of a QD semiconductor optical amplifier (SOA) with an active region containing 10 non-identical InAs QD layers, grown on GaAs substrate. This QD structure is specifically designed for continuous tuning between ground state and excited state optical transitions. The ridge waveguide has a width of 5μm and length of 4mm, and is angled of 7 o with respect to the AR-coated facets (the facet reflectivity is estimated to be 0.5%). The QD-SOA was mounted on copper heatsink and its temperature was controlled by a thermo-electric cooler. The QD-ECDL was set-up in a quasi-Littrow configuration, whereby the radiation emitted from the back facet was collimated with an AR-coated aspheric lens into a diffraction grating, which reflected the first order diffraction beam back to the SOA ( Figure 5 ). The output coupler (OC) of the QD-ECDL was either a 96% OC or a 20% OC. Notably, a maximum optical output power of 230mW was achieved for a cw-pump current of 1050mA, at 10 o C (when tuned to λ=1213nm), for the 96% OC and 45mW (when tuned to λ=1203nm) -for the 20% OC. Coarse wavelength tuning was made possible by changing the incidence angle of the grating, and the emission spectrum exhibited a sidemode suppression in excess of 30dB. We investigated the tuning range for different pump currents (300mA -1000mA) and temperature conditions ( The results obtained show that the tuning range is enhanced for lower temperatures and higher pump currents. Interestingly, this enhancement is asymmetric and differs for different OC. For the 96% OC this change occurs predominantly on the shorter wavelength side of the tuning range, whereas the longer wavelength side remains practically unaltered, particularly for high current bias. For the 20% OC an enhancement of the tuning range was also a) b)
observed on the longer wavelength side, as the lower cavity losses favoured laser emission via the ground-state levels of the QD gain material. With the 20% OC, a tuning range of 151nm was achieved at 10 o C, in contrast with 127nm with the 96% OC in the same conditions. In order to probe this phenomenon further, we have also measured the amplified spontaneous emission (ASE) of the QD SOA for various bias and temperature conditions. The measured ASE broadens significantly with decreasing temperature, predominantly on the blue side of the spectrum. Similar behaviour was observed for increasing current, for a fixed temperature. These results imply that QD filling in the excited state transitions is stronger for higher pump currents, therefore boosting the emission on the blue side. In summary, we show that the tuning range can be mostly enhanced on the blue side of the spectrum via temperature and bias conditions, whereas reducing the cavity losses assists in the enhancement of the tuning range on the red side of the spectrum, therefore establishing a strategy for further improvement of the widely-tunable QD-ECDLs.
OPTICALLY-PUMPED QUANTUM-DOT VECSELS
Optically pumped semiconductor disk lasers (OP-SDLs) 9 also known as Vertical-External-Cavity Surface-Emitting Laser (VECSEL) 10 firmly entered the research and market of photonics mainly due to their ability to combine high output power and good beam quality 11 whilst allowing the advantages of intra-cavity techniques such as frequency mixing 12 and mode-locking 13, 14 to be exploited. Also, SDL's technique was demonstrated to cover spectral range from deep-UV using the 4 th harmonic generation 15 to mid-IR incorporating IV-VI materials 16 , thus giving access to a number of different applications. Recently the SDL architecture has been combined with quantum dot (QD) based gain materials to explore their advantages provided by three dimensional carrier confinement, like temperature insensitivity and broad gain bandwidth 1 . Examples of SDLs based on InAs/GaAs sub monolayer (SML) and InGaAs Stranski-Krastanow (SK) grown quantum dots have both been successfully demonstrated 17, 18 . Power scaling of QD based SDLs up to 4.3W CW output power level has been demonstrated recently at 1040nm 18 . Our recent results demonstrated that S-K QD SDLs can also efficiently generate at around 1200 and 1270 nm wavelengths, which expands the spectral coverage of such type of lasers. Intracavity diamond heatspreader was used to power scale the devices and helped to reach output powers up to 2.25 W for 1180nm 19 and up to 1.6 W. at 1270nm 20 , as depicted in Figure 7 . 
QUANTUM-DOT SESAM INCORPORATING A P-N JUNCTION
Quantum dot-based semiconductor saturable absorber mirrors (QD SESAM) have been used to assist and sustain self starting mode-locking in a variety of solid-state laser systems emitting in the spectral range of 1.0-1.3 μm 21 . It has been demonstrated that a SESAM structure, incorporating a p-n junction, permitted control of the saturable absorber recovery time through the application of a reverse bias voltage 22 . Previously, stabilisation of passive mode-locking in a Yb:KYW a) b)
laser by means of a p-n junction QD SESAM, showed the potential of such devices for the control and optimisation of the mode-locking regime 23 .
Recently the operation of a p-n junction QD SESAM, and its effects on the mode-locking regime of a Cr:fosterite laser was demostrated in the 1.3 µm spectral range. Stable mode-locking was achieved when the p-n junction QD SESAM was both unbiased and biased. A 2.7 times reduction in pulse duration was observed when a reverse bias of 4.5 V was applied.
A Cr:forsterite laser, pumped by an Yb:fibre laser at 1064 nm, was constructed in order to evaluate the p-n QD SESAM performance. A highly asymmetric z-fold cavity configuration was used. In continuous wave operation, an output power of 240 mW centered at 1277 nm was achieved with an output coupler transmittance of 1 %, at an incident pump power of 6 W. A flat cavity end mirror was replaced with the p-n QD SESAM and stable mode-locking was obtained across all reverse bias voltages from 0 to 4.5 V. No intracavity dispersion compensation was used. The laser had a fundamental repetition rate of 208 MHz. When the bias voltage was 0 V, the pulse duration was 17.4 ps FWHM, with a Gaussian intensity profile, at a central wavelength of 1280 nm (Fig.8a,b) . The average output power was 47 mW. The modelocking performance of the laser with the p-n QD SESAM under reverse bias of 4.5 V revealed a significant pulse duration shortening to 6.4 ps FWHM, with a sech 2 intensity profile (Figure 8a ). This yielded an average output power of 29 mW and a time-bandwidth product of 0.37 for the observed spectral width of 0.32 nm at a centre wavelength of 1282 nm (Figure 8b ). The pulse is 1.14 times Fourier limited. It is anticipated that further optimisation of the p-n QD SESAM design will allow mode-locked pulses with duration controllable over the range 17ps to 100fs by varying the applied reverse bias.
CONCLUSIONS AND OUTLOOK
The work presented outlines the recent progress made in the development of compact and efficient ultrafast lasers based on quantum-dot materials. The unique potential of exploiting the ground and excited states lends is demonstrated in a dual-wavelenth mode-locking regime that engages both spectral bands, and also in the wide tuning range of externalcavity quantum-dot lasers. We also present a number of strategies for enhancing the tuning range of external-cavity quantum-dot lasers. We demonstrate that reducing the temperature and increasing the pump current can increase the tuning range to the shorter wavelength side, whereas reducing cavity losses additionally extends the tunability range to the red side of the spectrum. The exploitation of these results opens up many possibilities for the development of simultaneously ultrafast and widely tunable compact and efficient laser sources.
We have also presented our recent achievements on optically-pumped QD VECSELs, which have demonstrated good potential for power scaling -which are indeed promising results for the further development of ultrafast semiconductor lasers with superior beam quality.
